gogues such as arginine, both in humans with NIDDM [1-3] and in animal models such as neonatally streptozotocin-induced diabetic rats (NSZ rats) [4, 5] .
Recently, the GK rat (Goto-Kakizaki rat) has been reported to be a novel spontaneous non-obese model of NIDDM [6--9] . The rats were developed by repetitive selective inbreeding of Wistar rats with abnormal glucose tolerance. After tens of generations, the diabetic state became stable. Thus, the diabetic aetiology of GK rats is thought to be exclusively genetic, and they show glucose intolerance at 2 weeks of age.
It is well established that a rise in the cytoplasmic Ca 2 § concentration ([Ca 2 § ]i) is essential for insulin secretion from pancreatic beta-cells [10] [11] [12] . During glucose stimulation, metabolic fluxes such as production of ATP close ATP-sensitive K + channels (KAav channels). The resultant membrane depolarization brings about Ca 2 + influx through voltage-dependent Ca 2+ channels, leading to the rise in [Ca 2+ ]i, which eventually activates exocytosis of insulin granules. We have recently reported that the inhibition of KATP channel activity in response to glucose is significantly reduced in diabetic beta-cells of NSZ [13] and GK rats [14] , probably due to insufficient ATP production by a deficiency of intracellular glucose metabolism. These findings might suggest that the mechanism of impaired insulin secretion induced by glucose in NIDDM is based on the defective step(s) in insulin secretory machinery proximal to the [Ca 2+ ]i elevation. Accordingly, we have demonstrated that the rise in [Ca 2+ ]i in response to glucose is selectively impaired in beta-cells of diabetic NSZ rats [15] , and also reported that pancreatic beta-cells maintained under prolonged hyperglycaemic conditions show deficient glucose-induced [Ca 2. ]i rise together with the decreased insulin secretory capacity to glucose [16] .
On the other hand, the exocytotic process distal to the rise in [Ca 2+ ]i may also be affected in diabetes, and can be explored independently of ionic events by permeabilizing the endocrine cells. The elevation of Ca 2 + has been reported to be sufficient to activate exocytosis in the permeabilized insulin-secreting cells [17] [18] [19] [20] as well as in other endocrine cells [21] [22] [23] [24] . However, functional alterations in the insulin secretory machinery distal to [Ca 2 + ]i elevation in diabetic beta-cells are still to be elucidated. In this study, we have examined the modulation of [Ca 2+ ]i-activated exocytotic pathway in the diabetic state using electrically permeabilized pancreatic islets of GK rats.
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were preincubated at 37 ~ for 30 min in Krebs-Ringer bicarbonate buffer (KRBB) [16] supplemented with 2.8 mmol/1 glucose and 0.2 % bovine serum albumin (BSA). Groups of five islets were then batch-incubated for 60 min at 37 ~ in 0.4 mi KRBB with test material~ At the end of the incubation period, islets were pelleted by centfifugation (10,000 x g, 60 s) and aliquots of the buffer were removed and diluted to one-twentieth for insulin assay.
Measurement of insulin release from permeabilized islets. After the preincubation as described above, the islets were washed twice in cold potassium aspartate buffer (KA buffer) containing 140mmol/1 potassium aspartate, 7mmol/1 MgSO4, 5mmol/1 ATP, 2.8mmol/1 glucose, 2.5mmol/1 EGTA, 30 mmol/1 HEPES, 0.5 % BSA (pH 7.0), with CaC12 added to give a Ca 2 + concentration of 30 nmol/1. The islets were then permeabilized by high voltage dischage (four exposures each of 450-~ts duration to an electrical field of 4.0 kV/cm) in KA buffer and washed once with the same buffer. Groups of five electrically permeabilized islets were then batch-incubated for 60 min at 37 ~ in 0.4 ml KA buffer with various concentrations of Ca 2 § (from 30 nmol/1 to 10.0 txmolfl) and test materials. Aliquots of the buffer were assayed for insulin using the same protocol described above. Ca 2 § concentrations in the KA buffer were calculated by using the dissociation constants of Martell and Smith [27] . In some series of experiments, insulin was extracted from groups of five islets with 0.4 ml 1 molfl acetic acid both before and after the permeabilization procedure and the content was determined by radioimmunoassay [4] . 
Statistical analysis.
All results are presented as mean + SEM for the indicated number of observations. Data were analysed by Student's t-test for unpaired data. Differences were considered significant at p < 0.05.
Materials and methods
Animals. Male diabetic GK rats were donated by Pharmaceutical Research Laboratories-II (Takeda Chemical Industries Ltd., Osaka, Japan). Male non-diabetic age-matched Wistar rats were used as control animals. The animals were fed ad libiturn with a standard pelleted chow and allowed free access to water in an air-conditioned room with a 12-h light/dark cycle until killing. All experiments were carried out with GK and control rats at 7-to 10-weeks of age.
Measurement of serum glucose and insulin. Blood was drawn from the left renal vein immediately before isolation of the pancreatic islets of Langerhans under pentobarbital anaesthesia (40 mg/kg body weight). Sera obtained by centrifugation were used for the measurements of glucose and immunoreactive insulin. Serum glucose was measured by the glucose-oxidase method [25] . Immunoreactive insulin was determined by radioimmunoassay using the polyethylene glycol method with rat insulin (Novo Nordisk, Copenhagen, Denmark) as the standard [4] .
Measurement of insulin release from intact islets.
Islets of Langerhans were isolated from GK and control rats by collagenase digestion as described previously [26] . The islets then
Results
Characteristics of GK and control rats. The in vivo characteristics of diabetic GK and non-diabetic Wistar rats are summarized in Table 1 . The body weight and the serum insulin level were not significantly different between the two groups. The serum glucose concentration in the GK rats was significantly higher (p < 0.001) than that of the controls. In each experiment, GK rats stably exhibited higher glucose levels than controls. Figure 1 shows the insulin secretory capacity in response to glucose and arginine. Insulin release in response to 2.8 or 8.3 mmol/1 glucose was not significantly different between GK and control rats. Basal insulin secretion at 2.8 mmolfl glucose was 0.62 + 0.03 rig. islet -1 9 60 min -1 (n = 25) in control and 0.53+0.04 ng.islet -1 .60 min -1 (n = 24) in GK rats. Insulin response to 16.7 mmol/1 glucose was significantly decreased in GK rats (4.52 + 0.30 ng. islet -1 9 60 min -a, n = 23, p < 0.01) compared with controls (7.48 + 0.85, n = 23). The rise in glucose concentration from 8.3 to 16.7 mmol/1 in the incubation medium did not elicit further insulin secretion from islets of GK rats. In contrast, 20 retool/1 arginine in the presence of 2.8 mmol/l glucose markedly enhanced insulin release from islets of GK rats (3.02 + 0.43 ng-islet -a 9 60 min -1, n = 15, p < 0.001) compared with that of controls (1.09 + 0.10, n = 14). In another series of experiments, the effect of depolarizing concentrations of potassium was tested. In the presence of 2.8 retool/1 glucose, insulin secretion induced by 25 retool/1 potassium also was significantly higher in GK rats (by 3.10 + 0.28-fold, n = 8, p < 0.05) when compared with controls (by 1.67 + 0.28-fold, n = 8).
Insulin release from intact islets.

Characteristics of the Ca 2+ -induced insulin release from electrically permeabilized normal pancreatic islets.
In permeabilized insulin-secreting cells, the elevation of Ca 2 + levels directly stimulates exocytosis of insulin, as has been previously reported [17] [18] [19] [20] .
When permeabilized islets were incubated in solu- tions containing increasing C a 2+ concentrations from 30 nmol/1 to 10.0 ~tmol/l, insulin release was dose-dependently stimulated by about three-fold (Fig. 2) . Secretion was found to be augmented halfmaximally by about 0.5 ~tmol/l Ca z + and maximally by 3.0 ~mol/1 Ca 2 +. The lactate dehydrogenase content of the electrically permeabilized islet was measured as a marker of high molecular weight cytosolic proteins. Compared with the enzyme content in intact islets, that of permeabilized islets was 65.4 + 2.6 % (n = 4) immediately after electric permeabilization, and 64.5 + 2.6 % (n = 4) after a 60-rain incubation at 30 nmol/l Ca 2 +, indicating that no significant leakage occurred during the incubation period. The staining of islets with trypan blue after the incubation period showed that essentially all of the islet cells were still positive (data not shown), indicating that islets can be kept permeabilized during the incubation period, a finding consistent with resuits in a previous report [28] .
C a 2 + dose-response of insulin release was augmented in electrically permeabilized pancreatic islets of GK rats. Insulin secretory capacity in response to increasing Ca 2 + concentrations was compared between electrically permeabilized pancreatic islets of GK and control rats. Although the insulin response to non-stimulatory concentrations of Ca 2 + was similar in both groups of islets, the response to stimulatory Ca 2+ concentrations was significantly augmented in the Electrically permeabilized control pancreatic islets were incubated for 60 min in KA buffer containing the indicated agents. Data are normalized by taking the secretion at 2.8 mmol/1 glucose as 100 %, and expressed as mean + SEM. Number of batches from three separate experiments are shown in parentheses. Secretion in the presence of 2.8 mmol/1 glucose was 1.74 + 0.26 ng. islet -1 9 60 min -1 at 0.03 ~tmol/1 Ca 2 § and 4.99 +_ 0.50 ng-islet 1. 60 min -1 at 3.0 ~tmol/1 Ca 2 § (p < 0.001). a p < 0.001 vs 2.8 mmol/1 glucose; bp < 0.01 VS 16,7 mmol/1 glucose GK rat islets (Fig. 3) . In the presence of 2.8 mmol/1 glucose, insulin response to 30 nmol/1 Ca 2+ was 2.34 + 0.36 rig. islet -1. 60 min -1 (n = 12) in control and 2.81 + 0.21 ng. islet -1 9 60 rain -1 (n = 11) in GK rats. At the maximally stimulatory concentration of 3.0lxmol/1 Ca 2+ , however, insulin release was 15.12 + 2.12 ng-islet -1 -60 min -1 (n --12) in GK rats, rats 775 which was significantly higher than the value of 7.89 + 0.66 (n = 12, p < 0.01) in control rats. Thus, the increase in Ca 2+ concentrations from 30 nmol/l to 3.0 tzmol/l stimulated insulin release by 5.4-fold in GK rats and by 3.4-fold in control rats. Insulin content of intact islets was not statistically different between control (49.0 + 4.3 ng/islet, n = 15) and GK islets (52.1 + 3.3 ng/islet, n = 15). In the case of electrically permeabilized islets, insulin content was also not statistically different between the two groups (35.6+2.8 ng/islets, n= 15 vs 37.3+3.2, n = 15, in control and GK rats, respectively). This indicates that insulin content was as well preserved as with the permeabilization procedure in GK (71.5 %) and control rats (72.6 %).
Effect of glucose on Ca 2 + -induced insulin secretion from electrically permeabilized normal pancreatic islets.
The effect of glucose on Ca 2 + -induced insulin secretion was assessed in electrically permeabilized normal pancreatic islets by raising the glucose concentration in the KA buffer from 2.8 to 16.7 mmol/1. In addition, we examined the effect of 2,4-dinitrophenol (DNP), an inhibitor of mitochondrial oxidative phosphorylation, to explore the underlying mechanism of the glucose effect. In intact control islets incubated in KRBB, insulin release of 8.25+ 1.03 ng. islet -1 9 60 min -1 (n = 5) induced by 16.7 mmol/l glucose was found to be markedly inhibited by 100 mol/1 DNP to 0.55 + 0.14 ng. islet -1 9 60 min -1 (n = 5), corresponding to the basal insulin secretion at 2.8 mmol/1 glucose (0.65 + 0.09 ng. islet -1 9 60 min -1, n = 5). As shown in Table 2 , 16.7 mmol/1 glucose did not enhance the insulin release from electrically permeabilized control islets in the presence of non-stimulatory 30 nmol/1 calcium. In contrast, 16.7 mmol/1 glucose significantly augmented insulin release in the presence of 3.0 p~mol/1 calcium (p < 0.001 vs secretion at 2.8 mmol/l glucose). DNP at 100 ~tmol/1 significantly suppressed the augmentative effect of 16.7 mmol/1 glucose (p < 0.01), but this inhibitory effect on glucose-augmented insulin secretion was only partial; the agent did not completely inhibit the augmented insulin secretion to the secretory level at 2.8 mmol/1 glucose.
It should be noted that the rise in glucose concentration from 2.8 to 16.7 mmol/1 failed to increase the insulin release from intact control pancreatic islets in KA buffer containing 3.0 ktmol/1 Ca 2+ (0.23 + 0.04 ng-islet -1. 60 min -1, n = 5, vs 0.29+0.05 ng. islet -1 9 60 min -~, n = 5). This finding excludes the possibility that residual intact beta-cells in electrically permeabilized islets might perturb the secretory data in this experiment. Ca 2 § -induced insulin release was compared between electrically permeabilized pancreatic islets of control and GK rats (Fig.4) . Basal secretion at 30 nmol/1 Ca 2 § in the presence of 2.8 mmol/l glucose was not statistically different between control (1.97+0.15 ng.islet-l.60min -1) and GK rats (1.58+0.16 ng. islet -1. 60 min-1). When the data were normalized by taking the basal secretion in each group as 100 %, insulin release induced by 3.0 ~tmol/l Ca 2 § in the presence of 2.8 mmol/l glucose was significantly higher in GK islets, which again confirms the hyperresponse to Ca 2 § in GK rats. In electrically permeabilized control pancreatic islets, the rise in glucose concentration from 2.8 to 16.7 mmol/l further augmented insulin release induced by 3.0lxmol/1 Ca 2 § (p < 0.001). In contrast, the rise in glucose concentration had no effect on Ca 2 § -induced insulin release from electrically permeabilized GK islets.
Impaired glucose augmentation of Ca 2 + -induced insulin release in electrically permeabilized pancreatic islets of GK rats. The augmentative glucose effect on
Discussion
The GK rat has been shown to be a novel genetic animal model of NIDDM [6--9] . In the present study, the serum glucose level of GK rats was found to be consistently higher than that of control rats. Furthermore, the insulin release induced by glucose in vitro from isolated pancreatic islets of GK rats was significantly decreased compared with control Wistar rats, whereas the insulin release induced by other secretagogues such as arginine was rather augmented.
These data confirm the previous findings reported both in vivo [7, 9] and in vitro [8, 9, 29, 30] , indicating a selective reduction of glucose-induced insulin secretion of GK rats. The GK rat thus provides a very suitable model for investigating the pathophysiological aspects of alterations in the insulin secretory machinery of NIDDM beta cells.
A rise in [Ca 2 § ]i is believed to play a crucial role in the regulation of insulin secretion from pancreatic beta-cells in response to various stimuli, including glucose [10] [11] [12] . Investigations of permeabilized insulin-secretory cells have shown that the elevation in [Ca 2 § ]i is sufficient to activate exocytosis of insulin granules [17] [18] [19] [20] . We have previously reported that the selective impairment of glucose-induced insulin secretion observed in NIDDM beta-cells is associated with the defective [Ca 2+ ]i elevation by glucose, but not by arginine [15] , and this phenomenon may be explained in part by defects in the steps proximal to the [Ca2+]i elevation in glucose stimulation, including deficient intracellular glucose metabolism [13] [14] [15] . However, it is also of great interest to explore the functional modulations in steps distal to the rise in [Ca 2 § ]i in beta cells in the diabetic condition.
It is noteworthy that in this study insulin release in response to stimulatory concentrations of Ca 2+ was markedly augmented in electrically permeabilized islets of GK rats. This finding may well explain the hyperresponse of GK rats to depolarizing stimuli, such as arginine, found in this study and previous reports [9] , because this positively charged amino acid has been suggested to exert its insulinotropic effect mainly by causing direct depolarization of the plasma membrane, resulting in an increase in [Ca 2 § ]i via Ca 2 § influx through the voltage-dependent Ca 2 § channels [31] .
Portha et al. [9] have reported that the hyperresponse to arginine, together with the decreased insulin release in response to glucose, were partially but not completely improved by perfusion of GK pancreas with buffer containing no glucose. Thus, it can be speculated that the increased insulin response to Ca 2 § in electrically permeabilized islets of GK rats may partly be explained by so-called glucose toxicity [32, 33] , although the involvement of genetic background cannot be excluded. The hyperresponse to arginine at least in the presence of a non-stimulatory concentration of glucose has also been demonstrated in various hyperglycaemic models including NSZ rats [4, 5, 34] , partially pancreatectomized rats [35] , in vivo glucose-infused rats [36] , and another genetically-diabetic rat model [37] . In the report by Leahy et al. [34] , the hyperresponse to arginine in NSZ rats was recovered by 24-h insulin treatment, which again suggests that the increased Ca 2 + -induced insulin release from permeabilized diabetic islets may be ascribed to prevailing hyperglycaemia. In this re-spect, we have preliminarily observed that Ca 2 + -induced insulin release is similarly augmented in an electrically permeabilized beta cell line, HIT-T 15 cells cultured for 24 h at high concentrations of glucose (Y. Okamoto and H. Ishida, unpublished observations), whereas the glucose-induced insulin release from the intact cells is found to be blunted as previously demonstrated [38] .
The presence of intracellular defects of glucose metabolism has been suggested in beta cells of GK rats [14, 29, 30, 39] . Thus, we speculate that the significant enhancement of Ca 2+ -activated insulin secretion, which was observed in electrically permeabilized islets of GK rats, might play a physiological compensatory role in the putative impairment both in [Ca2+]i rise and energy state after stimulation with glucose in diabetic beta ceils. In electrically permeabilized control pancreatic islets, stimulatory concentrations of glucose were found to augment Ca 2 + -induced insulin release in a dose-dependent manner. This stimulatory effect of glucose on Ca 2 + -induced insulin release was significantly inhibited by DNP, a metabolic uncoupler which inhibits oxidative phosphorylation. This finding strongly suggests that glucose can augment insulin secretion from electrically permeabilized islets via its intracellular metabolism, even though it is possible that glycolytic enzymes might be lost to some extent during the permeabilization procedure. DNP at 100 ~tmol/l completely inhibits glucose-induced insulin release from intact pancreatic islets, but its suppression of the stimulatory glucose effect on Ca 2 + -induced insulin release from electrically permeabilized islets was incomplete. It is, therefore, also suggested that glucose can exert its stimulatory effect through mechanisms other than the generation of ATE Although the precise mechanisms underlying augmentation by glucose are still to be elucidated, the putative metabolic signals derived from glycolytic intermediates might participate in the stimulatory glucose effect on Ca z+ -induced insulin release from electrically permeabilized pancreatic islets. In addition, activation of protein kinases, which facilitate the effect of Ca 2 § on the exocytotic pathway, may also play a role.
Using intact pancreatic islets treated with diazoxide and depolarized by potassium, it has been demon-1. strated that glucose can control the Ca 2 + -activated 2. exocytotic pathway independently from the ionic events including KAX P channels, presumably by activating protein kinases [40, 41] or changing energy 3. state [42] . The present finding seems to be consistent with these reports. In permeabilized GK islets, how-4. ever, glucose failed to enhance the calcium-induced insulin release. This defective augmentation by glu-5. cose on the Ca 2 § effector system could cause the selective impairment of glucose-induced insulin release from intact GK rats in conjunction with 777 the putative impaired elevation and function of intracellular Ca 2 § probably due to the disturbed intracellular glucose metabolism after the glucose stimulation [14] .
The detailed molecular mechanisms by which Ca 2 + acts on exocytosis are still unclear, but studies particularly using chromaffin granules have reported that some cytosolic proteins such as calmodulin and members of the annexin family can bind to secretory granules in a Ca 2 § -dependent manner [24, 43] . In secretory granules of pancreatic islets, the presence of Ca 2 § -calmodulin-dependent protein kinases (CaM kinases) and endogenous substrates have also been demonstrated [44] . Recently, it has been reported that glucose activates CaM kinase II in pancreatic islets over a similar concentration range to glucose-induced insulin secretion [45] . The precise mechanism of the increased Ca 2 + sensitivity at non-stimulatory concentrations of glucose and of the absence of glucose effect to enhance the secretory response to [Ca 2+ ]i elevation in diabetic beta cells is still under investigation, but it is possible that the phosphorylation state of exocytosis-related Ca 2 +-dependent proteins might be altered through putative metabolic abnormalities under prolonged hyperglycaemic conditions. The further clarification of abnormal regulatory systems in intracellular signalling for insulin secretion is necessary to elucidate the underlying mechanism of the selective impairment in glucose-induced insulin secretory capacity characteristic of beta cells in NIDDM.
